Objectives. To estimate the proportion of cases and costs of the most common cancers among children aged 0 to 14 years (leukemia, lymphoma, and brain or central nervous system tumors) that were attributable to preventable environmental pollution in California in 2013.
O nly about 5% of childhood cancers are believed to be caused by an inherited genetic mutation. 1 There is a large amount of uncertainty regarding the oncogenesis of the remainder of cases, although most are thought to be the result of a genetic mutation causing uncontrolled cell growth. The exact cause of these mutations can be difficult to determine; however, several environmental hazards have been associated with childhood cancer. Exposure to these hazards may be direct (experienced by the child during his or her lifetime) or indirect (experienced by the parents during periconception or gestation). [1] [2] [3] Knowledge of the contribution of environmental factors to pediatric cancer-in terms of both its incidence and its economic costs-is crucial to the framing of policy discussions regarding pediatric cancer and its prevention. Environmental hazards implicated in the development of cancer have included indoor radon; diagnostic x-rays and computed tomography scans during gestation or childhood; house paint, adhesive, and solvent exposures; high nitrate levels in drinking water; secondhand smoke; residence on a farm; exposure to pesticides; residence near high-voltage electric power lines; air pollution; and parental occupational exposures. [4] [5] [6] The environmentally attributable fraction (EAF), as defined by Smith et al., is "the percentage of a particular disease category that would be eliminated if environmental factors were reduced to their lowest feasible values." 7(p577) In other words, the EAF is the proportion of health problems (in this case, childhood cancer) that can be attributed to specified environmental hazards. In 1997, Landrigan et al. convened an expert panel and followed a Delphi method to estimate an EAF for childhood cancer; this consensus-based method was employed because of a lack of data on exposure prevalence and hazardoutcome relationships. 8 The panelists cited a high degree of uncertainty in disease etiology and noted that an EAF for childhood cancer would be at least 5% to 10% and less than 80% to 90%. Given this broad range, the researchers settled on a conservative estimate of 2% to 10%. 8 Their estimates have been used in subsequent studies, including a 2011 analysis conducted by Trasande and Liu. 9 In the study described here, we sought to update the landmark investigation of Landrigan et al. 8 with the most recent epidemiological findings, quantify an estimate of the EAF for pediatric cancer specific to California, and estimate the economic costs of pediatric cancer attributable to environmental factors. California is an ideal setting for this type of study. First, California has a long history of high-quality data available to estimate the exposure prevalence of various environmental hazards. For example, the state's pesticide use reporting program has been providing high-resolution pesticide data to researchers throughout the state since 1991 and is considered the most comprehensive system in the world. 10 Second, California is the most populous state (accounting for 12% of US residents) and has the largest economy (accounting for 13% of the national gross domestic product 11 The findings from our study could be used to better quantify the public health benefits of environmental regulations in California and beyond.
METHODS
To estimate the economic costs of pediatric cancers in California caused by environmental pollution, we first had to calculate an EAF specific to California. The EAF calculation is based on the increase in risk (expressed as the relative risk [RR]) of having the condition associated with each specific hazard and the prevalence of the exposure to each hazard. We determined both of these quantities on the basis of systematic reviews of the literature. For each cancer type, we then combined the various hazard-specific EAFs to estimate the overall proportion of childhood cancer cases in California attributable to the environment.
To estimate the economic burden of childhood cancer caused by environmental pollution, we combined the EAF with information on the size of the population at risk, the underlying rate of childhood cancer, and the cost per case, expressed as follows:
Total Cost = Cancer Incidence · EAF · Cost per Case. Next, we describe in detail the basis for estimating each of these quantities.
We chose to maintain the EAF definition of Smith et al., and we limited the calculation to those hazards that could be feasibly reduced through traditional public health and environmental regulations. 7 For example, California has a track record of implementing regulations that have substantially reduced air pollution. We excluded social factors, such as poverty, from our definition because there are no immediate or clear regulatory tools to eliminate poverty or its negative public health effects. Focusing on pollutants that individuals cannot easily control, and for which an anthropogenic source can be identified and regulated, can be informative with respect to environmental policies.
14,15 However, we recognize that other social, economic, and behavioral factors can have substantive effects on cancer incidence and survival rates.
Selection of Environmental Hazards
We used PubMed and Google Scholar to conduct a literature search of peer-reviewed meta-analyses and individual studies including relative risk estimates describing associations of each type of cancer with each relevant hazard. The search terms included each cancer type, defined age groups (0-14 years), and hazards. Relevant studies were examined to obtain the relative risk of childhood cancer associated with a given hazard. Childhood cancer is a rare outcome; the combined incidence of the 3 most common childhood cancers in California in 2012 was 10.1 per 100 000 children aged 0 to 14 years. 16 Therefore, when risk ratios were not available, odds ratios were used as an approximation.
To determine their inclusion in our analysis, we evaluated environmental hazards identified in the literature review in terms of (1) evidence of a causal association between the hazard and childhood cancer, (2) available data on the exposure of the population and the risk associated with each hazard, and (3) available policy tools to pursue environmental regulations and reduce exposures. If an EAF is to have meaningful policy implications, the hazards included need to have a feasible means for public health intervention. 17 We considered exposures to electrical power lines and nitrates in drinking water but excluded them as a result of insufficient data on population exposures and risks. Ionizing radiation-specifically, exposure to x-rays and computed tomography scans during pregnancy or after delivery-was excluded because of limited policy opportunities to reduce exposures. Interventions designed to prevent ionizing radiation exposures typically involve working with clinicians to use the appropriate dose or including the family in informed decision-making. [18] [19] [20] Typically, such procedures are carried out under medical necessity and when the benefits are considered to outweigh the risks. 20 Overall, clinical interventions to limit radiation exposures fell outside our more limited scope of population-level environmental regulations.
We classified the remaining hazards into 7 categories based on hazard type and timing of exposure (Table A , available as a supplement to the online version of this article at http://www.ajph.org). Estimates of the prevalence of exposure to each type of hazard were obtained from California survey data or other California environmental hazard surveillance data. If California data were not available, we used estimates from national surveys or individual studies.
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Hazard-Specific EAFs
Initially, we used data on the prevalence of exposure and risk associated with each hazard to calculate EAFs for each hazard-cancer pair. For hazards with more than one risk estimate, we present a range of EAFs. The formulas used for calculation of hazard-specific EAFs differed depending on whether exposures were expressed as binomial, multinomial, or continuous variables. For the first case, let p be the proportion of children exposed (expressed as a fraction), and let RR be the risk of disease among exposed children relative to those not exposed. The EAF was therefore as follows [33] [34] [35] :
In the second case, we formulated multiple exposure categories (e.g., high, medium, low, or none). Let p 0 be the proportion of children in the reference exposure category, and let p j be the proportion of children in each of J other categories for j = {1, 2, . . ., J}. Similarly, let RR j be the risk of disease for children in category j relative to the baseline risk (i.e., RR 0 = 1). Then:
In the final case, exposures were expressed as continuous variables (e.g., concentrations of pollutants in the air). Pollutant concentrations were different for different subpopulations (in this analysis, counties), and the EAF reflected the amount of disease that would be eliminated if every county's pollutants were reduced to a uniform minimum level.
Let RR be the relative risk per unit increase in the concentration of a pollutant. Then let c k be the concentration of the pollutant in county k, and let N k be the number of children residing in county k, where k = {1, 2, . . ., K} for a total of K counties. Finally, let c 0 be the uniform minimum concentration that would be ideal to attain for all counties (which, for rhetorical purposes, is usually chosen to be greater than zero). Then:
Cancer-Type-Specific EAFs
Each cancer type was associated with multiple environmental hazards. Combining EAF estimates for multiple hazards depended on the degree to which hazard exposures were correlated among California children and whether exposures to multiple hazards increased risks beyond exposures to a single hazard. Because there were few data regarding the degree of correlation or interaction among hazards, we report a range of EAF values for each cancer according to a lower and upper boundary. The lower boundary of the range was calculated assuming perfect correlation and no additive effect, in which case the overall EAF was taken to be the summary EAF for the individual hazard with the largest fraction (so that no environmentally attributable cases were double counted).
For the upper boundary of the range, all hazards were assumed to have independent and additive effects. In this case, all hazards were included in the overall calculation according to a formula provided by Steenland and Armstrong 36 and Miettinen. 34 Let EAF h be the EAF for hazard h, where h = {1, 2, . . ., H}. Then:
We used the midpoint between the upper and lower boundaries as the single EAF estimate.
Overall Cancer EAF
Under the assumption that the number of children with more than one type of cancer was extremely small, the separate EAFs for leukemia, lymphoma, and brain or central nervous system (CNS) cancer were combined in an additive fashion to arrive at an overall cancer EAF. Specifically, if N t and EAF t , respectively, are the number of cases and EAF for each type of cancer t = {1, 2, 3}, then:
Cancer Incidence and Mortality Estimates
We obtained 2013 cancer incidence and mortality data from the California Cancer Registry. 16 We focused on the 3 most common childhood cancers: leukemia, lymphoma, and brain or other CNS tumors, which are also most frequently associated with environmental hazards in the scientific literature. Following the guidelines of the National Cancer Institute and the California Cancer Registry, we limited "pediatric" cancer patients to those diagnosed at 0 through 14 years of age.
1,16
Cost Estimates
Annual and lifetime cancer costs included total charges incurred for treating the cancer; other direct nonmedical costs (e.g., costs for transportation or wigs) were excluded. Information derived from California data sets was prioritized over national data. All costs are expressed in 2013 US dollars via the consumer price index calculator. 37 Annual costs included both direct medical and indirect costs. Direct medical costs (physician visits, emergency room visits, hospitalizations, prescription medications) were based on the estimates of Trasande and Liu, 9 which were obtained from the National Hospital Ambulatory Medical Care Survey/ National Ambulatory Medical Care Survey, the Nationwide Inpatient Sample, the Medical Expenditure Panel Survey, and the Nationwide Emergency Department Sample.
Indirect costs were parental or caregiver lost earnings to care for a child hospitalized for treatment. Following Landrigan et al., we assumed that for every 7 days of hospitalization, a parent would miss 5 days of work. 8 We estimated that children with cancer had an average of 26 hospital days per year, which calculated to 19 days of missed work for a parent. 38 We used a mean daily wage of $205 to estimate lost parental earnings. 39 Lifetime costs included lost potential earnings caused by disability or premature death. Cranial irradiation among children with brain or CNS cancer has been associated with an average loss of 2.8 IQ points, 40 corresponding to a 6.69% loss in lifetime earnings. 41 We used the present value of lifetime production among children aged 0 to 4 years to estimate lost lifetime potential earnings for each child. 42 In addition, we calculated lost potential earnings and potential years of life lost as a result of premature mortality.
RESULTS
In 2013, there were a total of 789 cancer cases among California children aged 0 to 14 years: 442 leukemia cases, 116 lymphoma cases, and 231 cases of brain or CNS cancer. These cases accounted for 63.6% of all childhood cancer cases diagnosed and reported to the registry in California during 2013 (n = 1241). There were a total of 126 deaths caused by these 3 types of cancer, accounting for 71.2% of all pediatric cancer deaths (n = 177). 16 
Environmentally Attributable Fraction
Our literature search for estimates of the risk associated with the 7 categories of environmental hazards assessed in our study produced 14 studies and meta-analyses ( 
Cost Estimates
The estimated average annual direct cost per cancer patient, expressed in 2013 dollars, was $152 578. For the 789 cancer cases in 2013, total annual direct medical costs were $120 million. Annual indirect costs for each child with cancer totaled $3895 in lost parental wages. For the 789 children with cancer, the amount of lost parental wages totaled $3 073 155 (data not shown). Total annual costs for childhood cancer were $123 million in California in 2013.
Estimated lost potential lifetime earnings from radiation treatment of children with brain or CNS cancer were $89 208 per case, totaling $20 607 152 for 231 cases ( Table 2 ). In 2013, there were 126 deaths caused by the most common childhood cancers. Annually, mortality from these cancers accounts for more than 9000 years of life lost and $186 516 041 in lost potential earnings (Table 3) . Together, lifetime lost potential earnings for childhood cancer totaled $207 million in California in 2013.
To calculate costs attributable to the environment, we applied the EAF for cancer to the yearly number of new cases and annual costs. Reducing environmental hazards could prevent 119 cases of childhood cancer and save $18.6 million (range = $11.6 to $25.5 million) each year in California (Table 4 ). In addition, reducing environmental hazards could prevent 19 deaths caused by cancer and increase lifetime earnings by $31.3 million (range = $19.5 to $42.8 million) for each annual cohort of children (i.e., all children born each year).
DISCUSSION
We have produced California-specific estimates of the environmental burden of childhood cancer by combining estimates of exposure prevalence with risk estimates associated with each hazard. Using these data, we estimate that 15% (range = 9%-21%) of childhood cancer cases in California in 2013 were attributable to preventable environmental hazards. Therefore, reducing environmental hazards related to cancer could prevent 119 children from developing cancer and prevent 19 deaths caused by childhood cancer every year in California. In addition, it would save more than $18 million annually in direct and indirect costs and contribute an additional $31 million in lifetime earnings.
Our California-specific EAF estimate is higher than the Landrigan et al. estimate of 5% (range = 2%-10%). 8 This may be a result of our more inclusive definition of environment, increased data allowing for consideration of additional hazards, different levels of hazard exposures in California, or the self-described conservative nature of the initial estimate by Landrigan et al.
Our calculations did not account for all cancers that might be related to environmental exposures. Leukemia, lymphoma, and brain or CNS tumors account for the majority of childhood cancers, but other cancers may also be partially attributable to the environment. In addition, although environmental exposures during childhood and through adolescence may contribute to adult-onset cancers, we did not consider cancers diagnosed after childhood. 52 Our EAF calculations included only environmental hazards that were potentially preventable via environmental and public health interventions, showed evidence of associations with childhood cancer, and had available data on risks and exposure prevalence. We excluded certain physical substances, social and economic factors, and individual behaviors that are potentially important risk factors for childhood cancer from our analysis. These omissions might have led to an underestimation of the true environmental burden of childhood disease as it relates to the broader milieu of socioeconomic health determinants.
For example, we excluded ionizing radiation as a result of the limited jurisdiction of environmental regulatory agencies to control exposure to this hazard. Using the methods outlined earlier and national and international data, we found that the EAF for exposure to ionizing radiation during pregnancy was 0.6% for childhood leukemia 53, 54 ; the EAFs for childhood exposure to ionizing radiation were 2.5% for leukemia, 53,55,56 7.4% for brain or CNS tumors, 55, 56 and 1% for lymphoma (data not shown). 55, 56 Including ionizing radiation in our calculations would have increased the overall EAF to 16.8% (range = 9.4%-24.2%) and the costs attributable to the environment to a total of $20.6 million (range = $11.0 to $29.8 million).
Our reliance on relative risks and exposure data from various sources to calculate EAFs is a substantial limitation and source of uncertainty in our final estimates. Our estimates of relative risk were drawn from studies with varying methodologies and biases. Metaanalyses were preferred; however, in the case of some hazards of interest, only single studies were available. Use of published estimates introduces bias, as confounding will not fully be accounted for in EAF estimates. [57] [58] [59] Similarly, our exposure estimates were derived from studies with varying assumptions and methodologies. When possible, California-specific risk estimates were combined with exposure prevalence estimates from the same study population. In cases for which exposure prevalence estimates were not available or were not generalizable to the population of California, we based our estimates on data at the county or state level, thus assuming the same level of exposure across diverse geographies without accounting for disparities in exposure according to age, race, or income. In the case of exposure to solvents, California-specific data were not available, and we based our estimates on data from individual US studies. These data may overestimate the proportion of the population exposed in California; specifically, individual studies may focus on populations with high exposures, 36 and population-level estimates may be subject to ecological bias. 60 Despite our best efforts to align risk and exposure estimates, combining risk estimates and exposure data from various sources relies on assumptions about generalizability to the larger exposed population. 36, 57 Risk or exposure estimates that do not adequately represent the California population may lead to underestimates or overestimates of EAFs. To acknowledge this variability, we have presented EAFs as ranges representing the low and high estimates for each hazard.
When calculating the overall EAF for each disease, we did not have information on the extent to which exposures were entirely independent or correlated or were nonadditive or additive. Because the reality is likely between these extremes, ranges of estimates were calculated.
Our focus on California data limits the generalizability of our results to the nation and other geographic regions. Although the environmental hazards included in our analysis affect children's health nationally, 61 there may be state-or region-specific differences in exposure prevalence and environmental regulations. It would be beneficial for future ). b Present value of lifetime production among children aged 0-14 years by 3% discount rate (Grosse et al. 42 ). analyses to estimate EAFs with only national data. Our cost estimates did not include overthe-counter medications, direct nonmedical costs (e.g., transportation for parents or other caregivers), costs related to school days lost, secondary neoplasms (i.e., tumors that result from metastasis or that may develop later as a result of radiation treatment), disease reoccurrence, and costs for cancers other than leukemia, lymphoma, and brain or CNS cancer. In addition, our estimates did not include parental health costs related to the diagnosis (physical or psychological stress), nor did they account for diminished quality of life.
Our cost estimates are presented here as aggregate estimates based on average costs for each case. These estimates do not account for costs that might be caused by inequities in access to care or cost differences resulting from disparities according to race or socioeconomic status. Although the impact of childhood cancer is significant for all families, poorer families typically experience disproportionate income losses. 62, 63 Even when receiving care from similar institutions as children of other races, African American children have lower survival rates, 64 and children living in lower-income areas have higher recurrence rates than children in higher-income areas. 65 The disproportional rates of recurrence and mortality in these populations would further exacerbate economic disparities related to childhood cancer.
We have presented our final cost estimates as both annual and lifetime costs. Many previous researchers have not made this notable distinction, and thus comparisons between earlier investigations and this study should be made with caution. Given these limitations, we anticipate that, as measures of environmental hazards and their associations with cancer become more sophisticated, future estimates of EAFs and their cost may be higher than those presented here.
Our analysis produced California-specific estimates; other states or regions could create their own estimates with their own exposure data. Analyses could be replicated to estimate the environmental burden of cancer among adolescents and adults. Better characterizations of hazard exposures, as well as additional research defining hazard-outcome relationships, would improve EAF estimates.
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